We numerically investigate the properties of coherent femtosecond single electron wave packets photoemitted from nanotips in view of their application in ultrafast electron diffraction and non-destructive imaging with low-energy electrons. For two different geometries, we analyze the temporal and spatial broadening during propagation from the needle emitter to an anode, identifying the experimental parameters and challenges for realizing femtosecond time resolution. The simple tip-anode geometry is most versatile and allows for electron pulses of several ten of femtosecond duration using a very compact experimental design, however, providing very limited control over the electron beam collimation. A more sophisticated geometry comprising a suppressor-extractor electrostatic unit and a lens, similar to typical field emission electron microscope optics, is also investigated, allowing full control over the beam parameters. Using such a design, we find $230 fs pulses feasible in a focused electron beam. The main limitation to achieve sub-hundred femtosecond time resolution is the typical size of such a device, and we suggest the implementation of more compact electron optics for optimal performance. V C 2012 American Institute of Physics.
I. INTRODUCTION
Recently, there has been tremendous progress in ultrafast diffraction techniques, [1] [2] [3] [4] [5] allowing for the study of ultrafast dynamics of the atomic structure in crystalline solids and at surfaces. In these experiments, the diffraction of short X-ray or electron pulses is used as a delayed structural probe after femtosecond (fs) optical excitation of a sample. These studies can provide direct structural information with sub-Å spatial resolution and fs-temporal resolution. 1 The defining technological advances for this progress are sources of short X-ray or electron pulses. Sub-picosecond X-ray pulses can be produced from table-top plasma sources, 2 or by slicing of synchrotron electron bunches, 3 and are entering a new regime of brightness using X-ray free electron lasers. 4 At the same time, the advent of femtosecond (fs) electron sources enabled a variety of ultrafast time-resolved experiments employing fs electron pulses, which besides ultrafast electron diffraction (UED) 1, 5 also encompasses ultrafast microscopy. [6] [7] [8] In ultrafast diffraction, the use of an electron probe pulse has intrinsic advantages compared with X-rays in reduced radiation damage and better matching of the penetration depth of pump and probe pulses. 9 However, the temporal broadening of electron pulses due to electronelectron repulsion and velocity dispersion during propagation to the sample has been a big challenge. 10 Up to now, most of the UED experiments employed flat photocathodes irradiated with intense fs-laser pulses at kHz repetition rates, 9 producing electron pulses containing 100 up to several 10 000 electrons. These conditions warrant sub-picosecond pulse durations for acceleration to several tens of keV and propagation of a few centimeters, allowing for the implementation of electron optics in the beam path. 9 More recently, radio frequency (rf) electron pulse compression down to 100 fs was demonstrated to allow for longer propagation for $100 keV electron bunches. 11, 12 Alternatively, space charge effects could be eliminated by using single electron pulses 13, 14 or relativistic electron energies. 15 All these approaches use high energy electrons in the range of tens of keV in order to study bulk dynamics in a transmission geometry. Surface sensitivity is gained to some extent by using $10 keV electrons in grazing incidence. [16] [17] [18] However, achieving sub-ps time resolution has been experimentally challenging. 19 Alternatively, using lower-energy electrons creates the potential for unprecedented insight into the dynamics at surfaces and nanostructures, but fs time resolution has yet to be implemented in methods such as lowenergy electron diffraction (LEED). 46 In diffraction, the achievable spatial resolution is given by the coherence of the source. For femtosecond electron guns based on flat photocathodes, the transverse coherence length at the sample position is usually limited to a few nanometers, 1 which constitutes one of the clear disadvantages of UED to date. In this regard, the idea of fs-photo cathodes based on nanometer-sized, quasi-point-like a)
Electronic mail: alexander.paarmann@fhi-berlin.mpg.de. Recently, much effort was put into investigating the microscopic mechanisms of electron emission from metallic nanotips triggered by femtosecond laser pulses. 20, 21, [23] [24] [25] [26] [27] [28] [29] [30] Depending on the tip's size, shape, and material, applied dc voltage, and laser intensity, various regimes of laser-tip interaction and photoemission were observed. With increasing laser intensity, the regimes of laser-induced electron emission are commonly discussed as photo-assisted field emission, [24] [25] [26] multiphoton photoemission, 21, 23 above threshold photoemission, 27, 28 and optical field emission. [29] [30] [31] These regimes are often characterized by the Keldysh parameter c. 32 In these experiments, measuring the energy spectra and spatial emission patterns of the photoemitted electrons provided the basis of the discussion. Here, the width of the energy spectra is found to steadily increase from several 100 meV to many eV (Refs. 21, 26, 27, and 31) with increasing optical nonlinearity of the emission process, with the corresponding laser peak intensities on the tip apex in the range of $10 9 À10 12 W=cm 2 . The spatial emission patterns can reflect the local work function for photo-assisted field emission, 25 but is otherwise structureless, and emission generally occurs into solid angles in the range of 0.15-0.3 sr. 21, 25, 30 The dynamics of the photoemission and the resulting electron pulse duration was discussed in some detail for the various emission regimes. 23, 26, 28, 31, 33 The nonlinearity of the photoemission process generally leads to electron pulses shorter than the intensity profile of the exciting laser pulse. However, the effective electron pulse duration is ultimately determined not only by the generation process, but also by the propagation from the source to a sample. 1 Pulse broadening during propagation was extensively studied for high-kinetic-energy, many-electron pulses from flat cathodes, including the electron optics and space charge broadening. 10, 34, 35 The situation is quite different when using nanotips as ultrafast electron sources, where only moderate acceleration voltages can be applied and the nanoscopic geometry of the emission site can heavily influence the electron pulse characteristics. The lower bias voltages typically applied to nanotips intrinsically support their usage as lowenergy fs electron sources.
Here, we investigate the propagation of single-electron pulses photoemitted from metal nanotips in two different geometries. First, we employ the simplest possible geometry, consisting of a negatively biased nanotip placed above a flat anode, see Fig. 1(a) . This anode can represent an ultrathin sample or a nanoscopic object to perform time-resolved electron imaging or electron holography, 36 making use of the diverging electron beam generated at the nanotip. Second, collimated or focused fs electron beams can be generated in the second geometry we study here, which resembles the design of commercial static field-emission guns 37 used in transmission electron microscopes (TEM), see Fig. 1(b) . In our simulations, we parameterize the photoelectron distributions with regard to their initial energy and spatial distribution as a means to describe the various regimes of nonlinear photoemission. This approach makes our results applicable to a wide range of experimental irradiation conditions. Our design study identifies the critical parameters to achieve subps time resolution in pump-probe experiments for a nanotipbased low-energy electron gun.
II. SIMULATION PROCEDURE
For both geometries considered here, the tip-anode geometry and the TEM-optics geometry, see Figs. 1(a) and 1(b), respectively, the potential equation DU ¼ 0 is solved by a finite element method (FEM), where U is the electrostatic potential. Cylindrical symmetry was assumed in all simulations, which significantly reduces the computational cost. Details are described in the Appendix. Cylindrical coordinates x ¼ fr; zg are used throughout the paper. The electric potentials obtained from such calculations are shown in Figs. 1(a) and 1(b). The maximum electric fields at the tip reach values of up to 10 GV/m, correctly reproducing the geometrical dc field enhancement. 38 In the TEM-optics geometry, this dc field enhancement can be largely suppressed, depending on the specific biases applied. The geometry of the emission tip is adapted from the typical shape of nanotips produced from electro-chemically etched metal wires. 20, 21, 25 Specifically, we assume the needle emitter to have a conical tip with a half opening angle b taken as 15:5 , and a spherical apex with radius R in the range of R ¼ 10-100 nm. The shaft of the tip is modelled as cylinder with a radius of 125 lm, see Fig. 1 . We apply a negative bias U tip to the tip, the flat anode is kept at ground potential. In the tip-anode geometry, the position of the anode is varied, at a distance D from the tip. In the TEM-optics geometry, the anode is kept fixed at D ¼ 7.7 mm. The lens assembly consists of a suppressor unit (negative bias voltage U sup with respect to tip), an extractor (positive bias voltage U ex with respect to tip), an electrostatic lens (variable bias voltage U lens , depending on focus), and an aperture kept at ground potential, see Fig. 1(b) .
Electron wave packet propagation is simulated classically by solving the equation of motion within the MATLAB programming environment for single electrons in the computed electric field rU using a Runge-Kutta algorithm. Particular attention was paid to high-precision interpolation of the fields in proximity of the tip apex. We assume 1 electron per pulse, so that space charge effects can be neglected, consistent with experiments using high repetition rate, low pulse energy laser sources. 21, 25, 27 Electrons photoemitted from metal nanotips exhibit distinct spatial (emission site area and angular spread) and temporal properties depending on the various experimental parameters, e.g., laser intensity, center wavelength, and pulse duration, tip radius, dc voltage, as well as crystal structure and orientation. 25, 27, 30 For generality, we describe the initial laser-excited electron wave packets by a Gaussian distribution of the emission site on the tip apex, as well as a Gaussian distribution of the initial kinetic energy E of the photoelectrons. In particular, we assume electron emission perpendicular to the tip surface with initial velocitỹ v ¼ fjvjsinðaÞ; jvjcosðaÞg, where jvj ¼ ffiffiffiffiffiffiffiffi
and a the emission angle with respect to the symmetry axis, 39 see Fig.  1 (c). Then, the angular momentum vanishes and the equations of motions are simply € X ¼ ðe=m e Þð@ r UðXÞ; @ z UðXÞÞ. In that case, Gaussian distributions of the emission site on the tip surface are conveniently reproduced by Gaussian distributions of the emission angle a, since da ¼ R Á ds, where ds is the differential line element on the tip curvature, see Fig. 1(d) . Then, the initial electron wave packet can be described by
where hðEÞ is the Heaviside function and proper normalization is ensured by the factor F 0 . Along the kinetic energy direction, the distributions are cut off at E ¼ 0. These assumptions provide a good approximation of the electron energy spectra observed in several experiments investigating the different regimes of (nonlinear) photoemission from nanotips. 21, 26, 27 We note that more complex electron spectra, e.g., those shown in Ref. 26 , can easily be analyzed by modifying the energy component of Eq. (1) accordingly.
The properties of the electron wave packet during propagation and at the anode are analyzed by evaluating the single electron trajectories XðE; a; tÞ ¼ fX r ðE; a; tÞ; X z ðE; a; tÞg, t being the propagation time, weighted by their statistical probability according to FðE; aÞ. Specifically, we analyze the spatio-temporal distributions S(x,t) Sðx; tÞ ¼ ðð dEda dðx À XðE; a; tÞÞFðE; aÞ:
For illustration, in the tip-anode geometry, we compare S in Fig We then analyze the spot size at the position of the anode as indicated in Fig. 1 . The electron spot at the anode is defined as the radial distribution qðrÞ of the electron wave packet
with D the radial arrival position at the anode DðE; aÞ ¼ ð dt dðX z ðE; a; tÞ À DÞX r ðE; a; tÞ:
The standard deviation r q of qðrÞ with respect to the beam center r ¼ 0, i.e., r q ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
, gives a good measure of the electron spot size at the anode position and can also be used to estimate the divergence of the electron beam. In ; D ¼ 100 lm, U tip ¼ À200 V, and R ¼ 25 nm. We compare two different energy distributions with r E ¼ 0:5 eV (a) and r E ¼ 3:0 eV (b). Each distribution was normalized for its respective maximum. Figs. 3(a) and 3(b) , we show selected distributions qðrÞ for a range of r a and r E , respectively. Clearly, the energy spread r E has no detectable effect on qðrÞ, whereas the width of the distribution linearly follows r a , since tanðaÞ $ a in this range.
We also evaluate the time-of-flight distribution sðtÞ, i.e., the probability of finding the electron at the anode vertical position z ¼ D at time t. Opposed to the above treatment to analyze spatial distributions in 2D, the time-of-flight distributions need to be corrected for the three dimensional emission site distribution on the tip surface. For that purpose, the distribution function, Eq. (1), needs to be modified to account for the emission area dA ¼ 2pR 2 sinðaÞda on the half-spherical tip surface at emission angle a, see Fig. 1 (e), GðE; aÞ ¼ G 0 Á sinðaÞ FðE; aÞ;
where the proper normalization of the distribution is ensured by G 0 . Then, the time-of-flight distribution is given by
where the time of flight HðE; aÞ of an individual trajectory is given by HðE; aÞ ¼ ð dtdðX z ðE; a; tÞ À DÞt:
The standard deviation of the time-of-flight distributions r s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi hðsðtÞ À hsðtÞiÞ 2 i q as a function of r E and r a is related to the effective full-width-at-half-maximum (FWHM) electron pulse duration at the anode. 40 Figs. 3(c) and 3(d) show a few selected distributions of sðtÞ for a range of r a and r E , respectively. It is immediately obvious that the shape of sðtÞ can be highly asymmetric depending on the specific combination of r E and r a .
Statistical analysis was performed by projecting rectangular phase space areas out of an evenly spaced grid of the initial parameters ðE; aÞ onto the target phase space, i.e., spatial coordinates, time-of-flight, or radial position at the anode, respectively. The resulting target distributions are intrinsically smooth and converge quickly with regard to the ðE; aÞ grid density, compared to point projection and histogram analysis.
Within the TEM-optics geometry, two subsystems are simulated in order to determine the optimal settings for the electrostatic lens assembly with respect to pulse duration and beam waist. First, the subsystem of suppressor, tip, and extractor is analyzed, with the extractor and all consecutive voltages set to a common potential. To find the optimal operating regime for the given subsystem, the suppressor voltage is scanned while keeping the extractor and tip voltages fixed. In the next step, the lens and aperture are taken into account. While operating suppressor, extractor and tip at the previously determined optimal settings, the lens voltage is scanned to find the region of smallest beam waist, while maintaining high temporal resolution. The final aperture is always kept at ground potential, therefore, the electron kinetic energy at the exit of the assembly depends only on the tip potential.
The effect of the duration of the electron emission process can be modelled on many levels of theory. 26, 29, 30, 41, 42 For a multiphoton excitation with laser pulses short compared with electronic relaxation times within the metal tip, 21 the temporal profile of the electron emission process follows the nth power of the laser intensity envelope, n being the dominant order of the multiphoton emission process. For longer optical pulse durations, more sophisticated models including the electron population build up and relaxation were reported. 26 On the opposite end, extremely short emission times are expected for higher optical field strength, i.e., above threshold photoemission and optical field emission. [28] [29] [30] 42 For experimental laser pulse durations of 5-30 fs typically used in the nonlinear photoemission regimes, 20, 21, 27, 30 the pulse broadening during the electron propagation will be much larger than the duration of the electron emission process for most cases, thereby dominating the experimentally relevant electron pulse duration. In the following, we therefore assume a prompt electron emission. When using longer optical pulses, e.g., on the order of 100 fs, 25, 26 a finite duration of the emission can be included by convolving the time-of-flight distribution sðtÞ with the respective electron emission temporal profile.
III. RESULTS

A. Tip-anode geometry
The main temporal and spatial characteristics of electron pulses emitted from metal nanotips are qualitatively well captured in Fig. 2 . The electrons experience an extremely inhomogeneous field: the majority of the acceleration occurs in close proximity of the tip, i.e., within the first Շ100 nm. For initial kinetic energies small compared with the acceleration voltage, i.e., E kin ( ejU tip j, the electrons closely follow the dc field lines in this region. The remainder of the propagation is almost field-free, and the electron wave packet simply evolves according to the forces experienced close to the tip. In consequence, the spatio-temporal distributions S(x, t) are strongly influenced by path length differences between on-axis and off-axis electron trajectories.
In most of the parameter range studied here, these path length differences dominate the electron pulse duration. This behavior is depicted in Fig. 4(a) where we plot r s as a function of r a and r E , for D ¼ 100 lm, R ¼ 25 nm, and U tip ¼ À200 V. In this contour plot, horizontal contour lines correspond to the regime where wave packet dispersion is the main pulse broadening mechanism, whereas vertical contour lines indicate pulse broadening due to path length differences, i.e., beam divergence. This is further illustrated by the horizontal and vertical line profiles shown in Figs. 4(b) and 4(c). Only for small angular spread r a Շ 6 , corresponding to emission into 0.05 sr, we observe a significant dispersive pulse broadening. For larger angular spread, the pulse duration is essentially insensitive to r E , even up to very large values of r E ¼ 2 eV. The transition between dispersive and path length pulse broadening is well captured in the convergence between the two curves in Fig. 4(b) .
The absolute numbers of r s seen in Fig. 4 range from <50 fs to >450 fs. The increasing asymmetry of the distribution sðtÞ with increasing r a , see Fig. 3 , causes the FWHM of sðtÞ to not increase as steeply as r s . In fact, for large angular spreads r a տ10 the FWHM is comparable to r s , indicative of an extremely asymmetric pulse form with a very long tail. It is possible that some experimental approaches can make specific use of such pulse shapes with steeply rising and slowly decaying edges. However, for most time-resolved studies, the standard deviation r s will be the most useful quantity in determining the effective electron pulse duration. Fig. 5(a) shows a contour plot of r s as a function of the tip voltage U tip and the initial angular spread r a , for D ¼ 100 lm, R ¼ 25 nm. The initial kinetic energy spread is kept fixed at r E ¼ 0:5 eV, in good agreement with a multiphoton excitation process. 21, 25 As expected, the electron pulses generally get shorter with higher tip voltage. However, we again observe a transition of the behavior at r a $ 5 : above this value, the electron pulse duration scales as r s / 1= ffiffiffiffiffiffiffiffiffiffi jU tip j p , as indicated by the linear behavior in the doubly logarithmic plot in Fig. 5(b) . Only at smaller r a , dispersive pulse broadening can contribute to the voltage dependence, see the green, solid line in Fig. 5(b) .
The dependence of r s on the tip-anode distance D is shown in Figs. 5(c) and 5(d) , calculated for R ¼ 25 nm, U tip ¼ À200 V, and r E ¼ 0:5 eV. For all r a , we observe a slightly sub-linear behavior, i.e., r s / D c ; c $ 0:95. Very similar sub-linear behavior is also observed for the spot size r q and is likely caused by the reduced field enhancement and, in consequence, reduced inhomogeneity in the electron acceleration with increasing D.
We find the tip radius R to have little impact on the overall electron propagation. When increasing the tip radius from R ¼ 10 to 100 nm, r s and r q both increase by $10 %. This is another manifestation of the effect causing the sublinear behavior observed on changing the tip-anode distance D in Fig. 5 . When increasing R while maintaining all other parameters, the reduced field enhancement also reduces the total inhomogeneity of the electron acceleration.
The spot size at the anode position is essentially independent of the tip voltage, the tip radius R and the electron energy spread r E , while it scales linearly with the angular spread r a and the tip-anode distance D. However, the conical shape of the tip and the resulting field lines deform the electron trajectories, leading to an overall reduction of the beam divergence compared to the initial distribution, i.e., ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi harctanðv r ðHÞ=v z ðHÞÞ 2 i q =r . In the regime of path length pulse broadening, this geometric effect also results in significant reduction in the pulse duration, see Fig. 5(f) , even though the reduced effective sharpness of the needle also significantly reduces the dc field enhancement (g). Essentially, increasing b flattens the photo cathode and reduces the divergence and path length differences in the electron beam.
B. TEM-optics geometry
We now turn to the analysis of the temporal and spatial characteristics of a short electron pulse in the more complex TEM-optics geometry, which comprises a suppressorextractor assembly with an electrostatic lens, see Fig. 1(b) . To determine the optimal settings for the electrostatic lens assembly with respect to pulse duration and beam waist, we first perform simulations within the subsystem of suppressor, tip, and extractor and take the influence of the lens into account in the second part of this subsection. For all results shown in this subsection, we assume r a ¼ 10 . First, the qualitative effect of a suppressor-extractor geometry (without electrostatic lens) is analyzed. Electrons are initially radially accelerated away from the tip, resulting in a strongly diverging beam, as discussed above. However, within the plate-capacitor-like field distribution between suppressor and extractor electrode, the beam divergence can be reduced by accelerating the electrons in the direction along the electron optical axis. Depending on the tip potential relative to the plate capacitor potential (generated by suppressor and extractor) in the region of the tip apex, three situations can be considered and compared to the tip-anode geometry. A tip potential much lower than the plate capacitor potential would lead to strongly divergent trajectories in the vicinity of the tip, very similar to the tip-anode geometry, see Figs. 6(a) and 6(b) , and therefore to large discrepancies in the length of the trajectories for electrons from different emission sites as discussed in Subsection III A.
When reducing the difference between the apex and the surrounding plate capacitor potential, the electron trajectories become radially squeezed, Fig. 6(c) , until the tip voltage is above the plate capacitor potential and electron emission is suppressed at the cutoff voltage, Fig 6(d) , since the electric field direction at the apex surface is now reversed. By squeezing the electron trajectories, the path length differences between on-axis and off-axis electron trajectories are reduced, leading to an improved temporal width of electron pulses. However, at the same time, the field enhancement around the tip apex is increasingly suppressed, reducing the electron acceleration within the vicinity of the tip so that a more pronounced dispersive electron pulse broadening, compared with the tip-anode geometry, is expected. Balancing these two effects by tuning the suppressor voltage for a given initial kinetic energy distribution should lead to an optimal temporal pulse width. To find the optimal suppressor operating regime for the given geometry, the tip voltage is set to À400 V, the extractor and all subsequent voltages are held at ground potential and the suppressor voltage is scanned between À735 V and À600 V. Fig. 7 shows the pulse duration dependence on the suppressor voltage at different initial electronic energy distributions widths r E . For r E ¼ 0 eV, the pulse duration continuously decreases as the suppressor voltage approaches the cutoff voltage. At the cutoff voltage, off-axis trajectories are suppressed and path length differences no longer contribute to the temporal pulse broadening. At finite r E , the curves exhibit a steep increase in pulse duration close to the suppressor cutoff voltage, since at this point the field enhancement at the tip is no longer operative. Then, the width of the initial electronic energy distributions r E gives a large contribution to the dispersive temporal broadening.
An optimal balance between increased dispersive pulse broadening and decreased path length-induced broadening is realized at an intermediate suppressor potential. For r E ¼ 0:2 eV, the optimal suppressor voltage is À712 V, resulting in electron pulses with a temporal width of about 0.5 ps. With increasing r E , the optimal suppressor voltage setting shifts to higher suppressor potentials because the suppression of dispersive pulse broadening becomes more important. Hence, a stronger acceleration close to the tip becomes beneficial in this case.
In order to further reduce the temporal pulse width, the suppressor-extractor field can be increased by applying a positive potential to the extractor. The resulting pulse durations are plotted in Fig. 7(b) for U ex ¼ þ600 V at various values of r E . With this setting, sub-250 fs electron pulses can be generated at r E ¼ 0:2 eV for the optimal suppressor voltage of U sup ¼ À1200 V.
Using the optimal suppressor settings for r E ¼ 0:2 eV, we now take the influence of the full lens assembly into account, adding lens and aperture. The lens voltage U lens is scanned between À400 V and 6000 V, while the aperture is kept at ground potential and the extractor is either at ground potential or at þ600 V, see Fig. 8 . 43 The electrostatic lens element can be used both in an accelerating mode (U lens > U ex ) and an decelerating mode (U lens < U ex ), both leading to a focusing effect on the electron beam, i.e., the beam waist depending on the lens voltage exhibits two minima, see Fig. 8 . One focus occurs close to the tip voltage (decelerating regime) at U lens ¼ À345 V for U ex ¼ 0 V and at U lens ¼ À280 V for U ex ¼ 600 V, with beam waists of $6 lm and $2 lm, respectively. The second focus (accelerating regime) occurs at 2100 V and 5250 V for the two extractor settings, where the beam waists are even reduced by a factor of 3. In the decelerating regime, the pulse duration increases very steeply when reducing U lens because here electrons travel at low kinetic energies in the lens region. In this case, the finite energy dispersion leads to a strong temporal broadening. In the accelerating regime, the electron traveling time is strongly reduced, resulting in much shorter pulse durations of $0:5 ps and $0:23 ps for U ex ¼ 0 V and U ex ¼ þ600 V, respectively. 44 
IV. DISCUSSION
The two geometries studied here offer two alternative approaches to time-resolved experiments employing short low-energy electron pulses. The tip-anode geometry is more flexible and allows for very short propagation distances simply by using a very compact setup. With the diverging electron beam, it is well-suited for time-resolved electron imaging applications. The TEM-optics geometry offers full beam collimation control, making it suitable for electron diffraction studies, where focusing of the beam onto a detector or a sample is desired.
In the tip-anode geometry, pulse temporal broadening is dominated by path length differences within the diverging beam for typical experimental parameters. Short tip-anode distances and large tip biases produce the shortest electron pulses. While we find negligible influence of the tip radius on the electron propagation, the opening angle of the tip apex has a significant effect on the pulse duration and divergence of the electron beam. These findings combined with the parameter ranges for the different photoemission regimes discussed in the introduction allow for several experimental scenarios to produce short electron pulses at variable electron energies.
If short-pulse low-divergence beams at low electron energies are desired, the usage of nanotips with rather large opening angle and apex radius is optimal in combination with short tip-anode distance operation. Such tip geometry minimizes the dc field emission, allowing for good contrast of the photo current. However, such a geometry also reduces the optical field enhancement, and very short optical pulses at relatively high pulse energies and low repetition rate to avoid thermal damage to the nanotip are likely the best approach. Even then, a minimum of optical field enhancement must be maintained in order to restrict the photoemission to the apex and suppress emission from the much larger tip shaft area. If high divergence beams are needed for imaging applications, an apex with low opening angle is much better suited. The shortest electron pulses are obtained with higher bias and consequently higher electron energies.
Some control of the emission area for photo-assisted field emission was achieved by manipulating the laser polarization as well as the tip polar and azimuthal orientation. 25 We expect a similar type of control is likely possible for multiphoton photoemission using the dc bias to change the local work function through the Schottky effect, 26 thereby manipulating the effective local multiphoton order.
Alternatively, when employing the TEM-optics geometry, we predict full control over the electron beam collimation while at the same time the path length differences are minimized, and velocity dispersion is dominating the temporal broadening of the electron pulse. Additionally, the electron optics design considered here offers the possibility to optimize the electron pulse duration for a given energy spread by a proper setting of suppressor and extractor voltages. In particular, tuning of the suppressor-extractor field allows to modify the dc field enhancement at the apex and therefore decouples the tip bias from the emission mechanism, so that higher biases can be utilized while suppressing the dc field emission. At the same time, the suppressorextractor field can remove most of the path-length differences in the electron wave-packet, recovering the dispersive broadening as the limiting factor for the pulse duration. As an example for a moderate tip bias of 400 V and narrowband electron pulses (r E ¼ 0:2 eV), we find pulse durations of 230 fs despite a rather long propagation length of 7.7 mm in our design. Using an electrostatic lens to focus the electron pulse onto the sample does not lead to a deterioration of the temporal pulse width.
With velocity dispersion as the dominant broadening mechanism, in particular for broader electron spectra, it is clear that the size of the electron optics remains the main challenge to reach even shorter pulse durations. If electron optics were to be combined with rf-compression techniques established for high-energy electron pulses 11 to compensate for this problem, one still has to keep in mind the spatial wave packet distortion as depicted in Fig. 2 , likely making it challenging to compress such non-Gaussian distributions. More compact designs of electron collimation optics are an alternative strategy to reduce the effect of the dispersive pulse broadening while eliminating the path length differences.
V. CONCLUSIONS
The suitability of photo-excited nanotips as coherent femtosecond low-energy electron sources for time-resolved optical pump-electron probe experiments is investigated numerically. The propagation of the electron pulse from the nanotip to a sample is simulated in a simple tip-anode geometry and a suppressor-extractor geometry with electrostatic focusing lens. Classical electron trajectories in the highly inhomogeneous field are calculated and analyzed statistically to provide spatio-temporal properties of the electron pulses during propagation and at a sample.
The tip-anode geometry is found to be well-suited for time-resolved electron imaging applications, making use of the diverging electron beam. Path length differences within this divergent beam are the dominant cause of temporal pulse broadening, exceeding velocity dispersive broadening for typical experimental parameters. Using a very compact design, electron pulses as short as a few tens of femtoseconds are achievable.
With the TEM-optics geometry, it is possible to eliminate the majority of the path length broadening so that velocity dispersion is the main temporal broadening mechanism. This geometry gives full control over the electron beam collimation and some control over the pulse duration, which is ultimately limited by the 7.7 mm total propagation in our design. Still, we predict pulse durations as short as 230 fs in a focused beam. To further reduce the pulse durations, we suggest implementations of more compact electron optics to be the best approach for realizing a most versatile lowenergy femtosecond electron gun based on metal nanotips. FIG. 9 . FEM mesh. The FEM mesh utilized for TEM-optical geometry is shown before mesh refinement. At the boundaries either Neumann (green) or Dirichlet (blue) boundary conditions are adapted.
